Observations with the Freja satellite at about 1700 km altitude of downward accelerated ions in the keV and sub-keV energy range are described and analysed. The observations show the following: (1) Processes involving velocity dispersion are not important; (2) Ion pitch-angle distributions are mostly somewhat field aligned but not far from isotropic, so the ions are effectively spread in pitch-angle; (3) As all ion species, H + , O + , and He + , are found to be accelerated to the same energy, the only possible known acceleration mechanism is a potential difference along the magnetic field lines; (4) No significant Birkeland current features are associated with the ion precipitation; (5) Precipitation of energetic electrons from the plasma sheet is always present when the downward accelerated ions are observed; (6) Ion precipitation is generally not seen in regions with primary auroral Birkeland currents associated with electron inverted-V distributions; (7) Precipitated ions are mostly observed at low and medium disturbance levels, but they are also found in strongly disturbed conditions; (8) Downward accelerated ions occur fairly frequently at auroral latitudes near Freja apogee altitudes and are seen at all local times. The present investigation is limited to the nightside.
Introduction
The disagreement between Sidney Chapman and Hannes Alfvén in the 1940s and 50s about the existence of paralCorrespondence to: B. Hultqvist (hultqv@irf.se) lel electric fields on auroral latitude magnetic field lines was resolved in the 70 s by observations of direct consequences of upward pointing electric fields in space. Parallel electric fields were shown to exist and to be interpretable in terms of the scarcity of current carriers in a limited part of the auroral electric circuit. Current continuation requires that the scarce charges in that region move faster and, therefore, a fraction of the electromotive force of the circuit is transferred to that part of the circuit, and the magnetospheric electrons at medium altitudes are accelerated downward in a potential difference. Chapman's and his co-workers' argument, that the high conductivity of electrons along the magnetic field lines should eliminate any potential difference along the field lines even for quite low electron densities above the ionosphere, proved not to be applicable in the primary auroral current circuit.
The so-called return current circuit, where the parallel currents (Birkeland currents) are directed downward, is located next to the primary current circuit. The return current is carried mainly by upward moving electrons from the ionosphere and not even Alfvén foresaw any current continuation problems there, as the ionosphere is a strong source of easily moving electrons. Only very low parallel electric fields, if any, would be required to close the return current above the ionosphere.
When the first satellite of ESRO (the European Space Research Organization), ESRO 1, launched in 1968 into a polar orbit with 1550 km apogee, showed downward accelerated ions with keV energies, as reported by Hultqvist et al. (1971) , the result was quite unexpected. Hultqvist (1971) suggested that it might be due to temperature and pressure differences between the magnetospheric and ionospheric plasmas. ESRO 1 provided only very limited data and new relevant data from the altitude region observed by ESRO 1 became available when Freja, with an apogee of 1754 km, started to deliver data in 1992. Dynamics Explorer 2, however, had an orbit reaching 900 km and Winningham et al. (1984) reported observations with a mass resolving instrument of field-aligned precipitating ions, mainly O + , in the keV and sub-keV energy range, which they interpreted in Fig. 1 . Example of a Color Summary Plot (CSP) for a high-latitude pass of Freja. The satellite orbit is indicated in the circular coordinate system at the lower right (magnetic local time, MLT, and corrected geomagnetic latitude, CGLAT). The two uppermost frames show the logarithm of the count rate, color-coded as a function of time and the logarithm of the energy of O + and H + ions measured by means of the TICS spectrometer. Frames 3 and 5 may contain some auxiliary data (not used in this investigation) and frames 4 and 6 show electron data from the MATE and TESP instruments, total particle flux in the energy range from a fraction of a keV to about 100 keV in the case of MATE and the count rate, color-coded, of the electrons as a function of time and energy from TESP. UT, MLT, CGLAT, LONG (geographic) and altitude, H, are listed at the bottom. A description of the various recorded count rates and what they represent can be found in the text. The data of particular interest in the present investigation are the relatively intense ion count rates seen in a short period of half a minute at about 08:21 UT. terms of outward acceleration in the opposite hemisphere.
Viking, with an apogee of 13 500 km, also provided some electric field data at altitudes of a few thousand kilometers. The measurements showed that below 4000 km the parallel electric field component was more frequently directed downward than upward (Marklund, 1993) . Those results were quite unexpected. Only when Freja provided similar results (Marklund et al., 1997) and FAST recorded upward directed intense electron beams with keV and sub-keV energies at about 4000 km altitude was it generally accepted that downward E occurs fairly frequently at altitudes of a few thousand kilometers on auroral field lines.
The old argument of Chapman that any potential difference should be eliminated by the high conductivity of the ionospheric electrons along the field lines thus has been proven not to hold even in the return current regions. Temerin and Carlson (1998) have argued that under certain circumstances, there may also be a scarcity of current carriers in the return current circuit.
The Swedish-German satellite Freja was equipped with mass-resolving ion spectrometers for the energy range from a few eV to 4.5 keV, covering all directions in half a spin period (3s), as well as a set of complementary fields and particles instruments (see Lundin et al., 1994) . First observations of precipitated ions measured by Freja have been presented by Eliasson et al. (1994a) , Norberg et al. (1994) , and Eliasson (1996) , but most of the studies of the Freja ion data hitherto have dealt with the transverse ion energization at Freja altitudes (see e.g. André et al., 1998) .
The electric field experiment on Freja has demonstrated the existence of significant downward-directed parallel electric fields (Marklund et al., 1994 (Marklund et al., , 1997 , the existence of which was suggested already on the basis of the ESRO-1 observations by Hultqvist (1971) and later from other satellite observations by Gorney et al. (1985) and others. The FAST satellite, with its apogee slightly above 4000 km and with very high time-resolution instruments, has, as mentioned, shown narrow beams of upward-moving keV electrons and it has facilitated conclusions about microprocesses involved in the production of the potential differences along the magnetic field lines below 4000 km and in the scattering of the ions in pitch-angle (see e.g. Carlson et al., 1998) . While FAST has measured in the whole altitude range of interest here, Freja has provided data only from below or within the region with a downward-pointing parallel electric field.
Downward accelerated ions in the keV and sub-keV energy range are found at all local times. In order to avoid any special cusp effects, the present investigation has been limited to the nightside part of the auroral zone.
Observations
The reader is referred to Space Science Reviews, Vol. 70, 1994 for details about the Freja mission and all experiments onboard. The ion spectrometer (TICS) that has delivered the data, which is the basis of the present investigation, is de- Fig. 3 were measured. As can be seen, the count rates at low pitch-angles are an order of magnitude higher than around 90 • . scribed by Eliasson et al. (1994b) . It had an energy range from below 1 eV to 4.5 keV, an energy resolution of about 10%, and a mass range from 1 to 40 amu/q. An energy sweep with 32 energy steps was normally made in 400 ms. There were 30 angular sectors and all directions were covered in half a spin period (3s), and the normal data rate was 20 kbit/s. All Freja observations of ions and electrons were summarized in the format of "Color Summary Plots" (CSP). Those plots were produced for all satellite orbits from the recordings of 2 out of the 30 angular sectors of the ion spectrometers and from data taken by the two electron spectrometers. The CSPs have two different time scales, one for a whole high-latitude pass (25-30 min), as recorded by one of the two receiving stations, Esrange in Sweden and Prince Albert in Canada, and another with a higher time resolution, covering two minutes of measurements.
The observations are presented in a number of subsections. In Sect. 2.1, energy spectra, pitch-angle distributions and temporal relations of different ion species are illustrated. In Sect. 2.2, the temporal/spatial relations of ion and electron precipitation are illustrated and discussed. Section 2.3 shows examples of variations in ion energy with latitude and Sects. 2.4 and 2.5 present examples of the dependence of ion precipitation on energy spectrum and flux of precipitating electrons. Relations of ion precipitation to ion conics are shown in Sect. 2.6 and the dependence of ion precipitation on magnetospheric disturbance level is illustrated in Sect. 2.7. Finally, some conclusions from the data presented earlier are collected in the final Sect. 2.8.
2.1 Examples illustrating energy spectra, pitch-angle distributions, and temporal relations of different ion species Figure 1 shows an example of CSP covering a whole passage within the reach of Prince Albert, which will first be described in some detail. The pass reaches from equatorward of the radiation belt in the early evening to the low-latitude edge of the radiation belt in the early morning. The orbit is indicated in the circular coordinate system at the lower right (magnetic local time, MLT, and corrected geomagnetic latitude, CGLAT). The two uppermost frames show the count rates of O + and H + ions in logarithmic color-coded scales, as recorded by the TICS ion spectrometer. The He data are contaminated by some cross-talk from the other ion channels and are not included in the figures. The O + channel also contains N + ions, if there are any. The narrow frames 3 and 5 may contain special information, which will not be referred to in this study. Frame 4 gives the electron flux integrated over all energies (from a fraction of a keV to 100 keV), as recorded by the MATE instrument, and frame 6 presents in color-coded form the measurements (count rates) of the electron spectrometer TESP. At the bottom universal time (UT), magnetic local time (MLT), corrected geomagnetic latitude (CGLAT), geographic longitude (LONG), and altitude (H) are shown.
The energetic particles in the radiation belts produce high count rates in both TICS and MATE so the interesting part of the record in Fig. 1 , and similarly in other Freja passes shown, is from a couple of minutes after the passage of the radiation belt in a northward direction to a couple of minutes before entering the radiation belt in a southward direction. In Fig. 1 , Freja entered the auroral zone at about 08:05 UT and passed into the polar cap at 08:09 UT. It reentered the auroral zone about 08:18 UT and left it again at 08:23 UT. In the auroral regions, a flux of precipitating electrons from the plasma sheet with energies reaching the upper limit of the TESP spectrometer can be seen. Superimposed on this are more intense temporary electron fluxes in the keV and subkeV energy range. Over the polar cap there is a low flux of electrons with energies below a few hundred eV (polar rain). The count rates of the ion species in the uppermost frames at energies less than 10 eV are due to the speed of the satellite through the cold plasma (ram effect). In the uppermost part of the energy-range of TICS, a weak flux of ions, primarily H + , can be seen within the auroral region, coinciding closely in location with the electrons. These count rates are due to the precipitation of plasma sheet ions, found to occur together with electron precipitation already in the ESRO 1 data (see e.g. Hultqvist, 1979) . Most of the plasma sheet ions have energies above the upper energy limit of the Freja instrument, but ions from the plasma sheet, visible as a weak background flux at high energies, appears in most of the ion energy spectrograms. Over the polar cap the noise level of the TICS instrument is illustrated (above 10 eV).
The part of Fig. 1 of particular interest for the present investigation is that between 08:21 and 08:22 UT, where the figure shows relatively intense fluxes of ions of all three species with energies between 100 and 1000 eV. Those data are shown in higher time resolution in Fig. 2 , which is an example of two-minute CSPs. In addition to the higher time resolution, the two-minute CSPs differ from the full passage CSPs in that frames 3 and 5 contain pitch-angle information instead of auxiliary information. Already from the summary plot in Fig. 2 , it is obvious that the different ion species have similar energies and, in this case, also similar fluxes. It is also obvious from Fig. 2 that the ion species occur simultaneously and that, thus, no velocity dispersion is involved.
That the energy spectra of the H + and O + ions are quite similar is shown in a more quantitative way in Fig. 3 . In Fig. 3a , the H + count rate, as a function of energy, is shown in order to also illustrate the statistical uncertainty of the data. The count rates of the ions in the energy range 100-1000 eV are one to two orders of magnitude above the one-count-persample level shown by the straight line. The statistical uncertainty is thus 30-10%. The count rates below 10 eV are due to the ram effect, as mentioned before. The ram effect is in this case higher for O + than for H + . This is the most common situation and is due to the composition of the cold plasma along the satellite orbit.
Figures 3b and c show the energy spectra of the H + and O + ion fluxes, respectively. The lowest pitch-angle window in the figures is quite wide because there were few counts at low pitch-angles and the counts are integrated in pitch-angle until a minimum number of counts has been obtained. Both spectra cover the broad range of about 100 to 1000 eV. Above 1 keV, the ion fluxes are two orders of magnitude less and below 70 eV there are no counts at all until the ram-effect counts are seen from about 10 eV downward. That the ion energy spectrum does not reach zero (or very low) energy is a general characteristic of the acceleration process. Figure 2 and all similar figures in this report clearly indicate that no ions are moving upward along the field lines and that the pitch-angle distribution has its maximum in the downward direction. Examples of pitch-angle distributions are shown in Figs. 4a and b. Field-aligned anisotropies of the type ESRO 1 observed in the sixties are thus not difficult to find in the Freja data. It is obvious that the ions are accelerated downward along the field lines. Sampled over longer periods of time, such as a full spin period of 6 s, the anisotropy of the pitch-angle distribution over the downward half-sphere generally decreases, but the peak is still found mostly at fairly low pitch-angles. The wide range of energies in the spectra, as well as the wide distributions in pitch-angle thus indicate that scattering processes strongly affect the precipitating ions.
The electron energy spectrum observed simultaneously with the ion spectra in Figs. 3a-c is shown in Fig. 3d . Whereas the ion spectra are limited to the range 0.1-1 keV, the electron spectra cover the range 10 eV to more than were found in some 30 s of the satellite pass, such ions were observed during at least 5 min in the pass shown in Figs. 6 and 7. There are even passes where downward accelerated ions in the keV and sub-keV energy range were observed during most of the pass through the auroral regions, as will be shown later. In contrast to the first example discussed, Fig. 7 demonstrates that the energy spectra of the different ion species may be quite different and may vary strongly along the satellite orbit. Most of the time, the oxygen ion spectrum indicated in Fig. 7 is narrower than in Fig. 2 , but the hydrogen ion spectrum is wider. This is illustrated in a more quantitative way in Fig. 8 , where Fig. 8a shows that the H + spectrum covers the energy range from a few hundred eV to more than 2 keV, and Fig. 8b shows that the O + spectrum is limited to the range 600 eV to 2 keV and much more peaked than the H + spectrum. Whereas the upper energy limits in Figs. 8a and b are similar (possibly somewhat higher for H + ), the H + ions appear to have been more affected by stronger "scattering effects" resulting in reduced energy, than the O + ions have been. In Fig. 8c , the electron energy spectrum observed at the same time is shown. The flux at higher energies is higher than in Fig. 3d , but otherwise the shape is quite similar. A third example of a pass with precipitated ions is shown in Fig. 9 . It is different from the previous two in that the flux of the heavy ions is much larger than that of H + . The energy spectrum of the O + ions is even narrower than in the previous case, as demonstrated in Fig. 10 .
Temporal/spatial relations between ion precipitation
and electron precipitation
Figures 1 and 6 represent two cases with very large differences in the temporal/spatial extension of the keV ion precipitation. Figure 11 shows an example where downward accelerated ions are found practically along the whole part of the passage through the auroral oval where electron pre- cipitation occurs. The gaps in the ion precipitation coincide with decreases in electron precipitation flux. Figure 12 is another example where regions with downward accelerated ions and electron precipitation coincide very closely. In this case, there is a distinct gap in the precipitation of electrons around midnight (MLT), with very sharp boundaries and in that gap, no ions are observed. Here the satellite most probably entered the polar cap. The boundaries of the gap in ion precipitation coincide closely with those for the electrons.
These two examples, as in all the previous ones, demonstrate that downward accelerated ions in the keV and subkeV energy range occur where electrons from the plasma sheet are precipitated into the atmosphere. Checks of several hundred cases of ion precipitation have not shown a single case where downward ion acceleration has occurred without the presence of electron precipitation.
Variation of ion energy with latitude
Any systematic variation of the energy spectrum of the downward accelerated ions with latitude may give information about the acceleration process (see e.g. Winningham et al., 1984) . Even though Freja's orbits are mostly fairly tangential to the auroral oval, the latitudinal variations are frequently large enough for studies of the dependence of particle energy on latitude. An investigation of some 50 cases has, however, shown no systematic latitude dependence. Almost no significant energy variation with latitude is observed. Figure 13 shows a case where the energy of the precipitated ions decreases with increasing CGLAT without any major changes in the electron spectrum. The peak energy decreases from 4 keV to a few hundred eV over a latitude range of half a degree. Figure 14, on the other hand, shows a case where the peak energy of the precipitated ions increases with increasing latitude, from approximately 300 eV to about 1.5 keV over the latitude range 62.8 • to 64.5 • . Cases can also be found where the ion peak energy both decreases and increases within periods of less than a minute with the latitude varying only little. In summary, no systematic variation in the precipitated ion energy with latitude has been found in these Freja data. Figure 14 shows certain changes in the flux and energy spectrum of the precipitated electrons simultaneously with the variations in the ions. We shall see in the next subsection that variations in the electrons are more likely than latitude changes to be associated with the variations in ions.
Relations of variations in the ion energy spectrum to variations in the electron spectrum
At the low-latitude edge of the region with precipitating plasma sheet particles, downward accelerated ions within a limited energy range of tens of eV are sometimes seen.
Within a fraction of a latitude degree from the edge, the ions achieve more normal energies of the order of several hundreds of eV up into the keV range. An example is shown in Fig. 15 . Around 00:28:10 UT, all ion species have energies below 100 eV, reaching down to 10 eV. Figure 16a contains the H + ion spectrum at 00:28:07 UT with high fluxes between 10 and 700 eV. Figure 16b illustrates the energy spectrum of the precipitating electrons recorded at the same time. Both the electron flux and the upper energy limit are quite low compared with the situation found 35 s earlier (see Figs. 17a and b) when the precipitated H + ions were in the energy range 200 eV-2 keV and the electrons had much higher fluxes and reached 10 keV in energy. (The integration in pitch-angle was done over all directions this time.) But the energy spectrum of the plasma sheet electrons does not always soften at the low-latitude edge of the precipitation region; sometimes it hardens instead. Figure 18 illustrates such a case. At 03:41 UT, the upper energy limit of precip- itated electrons shown in the figure starts to increase from about half a keV and reaches some 5 keV one minute later. In fact, the electron spectrum reached 5 keV at 03:41 UT, as shown by Fig. 19b and 10 keV at 03:42 UT (Fig. 20b) . In the This example, like the previous one, thus demonstrates that the energy of the downward accelerated ions frequently increases with increasing energy in the precipitated plasma-sheet electrons; but this is not always the case. In ( Fig. 22b) , whereas the soft ions in Fig. 23a are associated with electrons reaching several tens of keV in energy.
That the energy spectrum of the electrons alone does not control the energy of the precipitated ions is also illustrated by Fig. 24. In Fig. 24a , accelerated ions are clearly a) b) Fig. 24 . Precipitating ions occur (almost only) in a period when the electron energy spectrum is like an un-accelerated typical plasma sheet spectrum in (a). In (b) the only major gap in the H + ion precipitation coincides with a period with such a plasma-sheet electron spectrum. visible almost only in the period between 10:11:30 UT and 10:12:30 UT, when the electron spectrum consists typically of undisturbed, fairly hard plasma-sheet electrons. In Fig. 24b , on the other hand, a period with the same kind of electron spectrum (11:05-11:06 UT) coincides with the most prominent gap in ion precipitation during the whole pass.
A matter of particular interest fitting under the title of this subsection is the relationship between ion precipitation and the special form of electron energy spectra called inverted V. It will be dealt with in a separate subsection.
Relations between downward accelerated ions and inverted Vs
As has been demonstrated above, energetic electrons precipitating from the plasma sheet is a necessary requirement for the occurrence of ions accelerated downward with energies in the keV and sub-keV range. On the other hand, the occurrence of downward accelerated energetic electrons with peaked spectra of the so-called inverted-V kind, associated with discrete auroras, almost eliminates ion precipitation completely, or at least it reduces the ion fluxes quite considerably. Examples with inverted-V electrons are shown The large extension of the inverted-V structure along the satellite orbit, especially in Figs. 25a, is due to the low angle between the auroral form and the orbit. In Fig. 25a , the region with inverted-V electrons showing up as spectra with the count rate peaking near maximum energy (02:10:42-02:11:15 UT) is associated with a gap in the ion flux. In Fig. 25b , there are relatively strong fluxes of downward accelerated ions both before and after the period with inverted-V precipitation (23:28:17-23:29:05 UT), but there are also lower ion fluxes, with higher energies than outside, through the entire inverted-V region. It is not easy to find events with ion precipitation clearly detectable within inverted-V regions. The most common situation is that no significant ion fluxes can be observed in such regions, as has been noted earlier by Eliasson et al. (1994a) .
Relationships between downward accelerated ions and ion conics
In none of the many examples of ion precipitation shown hitherto has strong perpendicular acceleration of ions pro- ducing ion conics been evident. Figure 26 illustrates some common relationships between the occurrence of downward accelerated ions and ion conics as observed by Freja.
In many situations with strong conics at altitudes in the region close to the Freja apogee (1770 km), no precipitating ions are present at all. In Fig. 26a , a narrow region in the midnight sector contains precipitated ions in the low-latitude part and conics in the high-latitude part. In the example from the dawn sector illustrated in Fig. 26b , there are precipitating ions poleward of a region with intense conics and the precipitated ions are also present in the region with conics but the flux is reduced and the H + energy spectrum is broader there than outside. No narrow ion spectra, such as those shown in Figs. 7 and 9, have been observed in some ten events with conics analyzed.
In conclusion, all sorts of relationships with conics are found, from total absence of precipitated ions to the occurrence of precipitated ions, almost as if there were no conics. Reduction of flux and broadening of energy spectrum of the precipitating ions seem, however, to be common characteristics of regions with conics observed by Freja. 2.7 Relationships of ion precipitation to the magnetospheric disturbance level
As can be seen in many of the examples shown above, downward accelerated ions in the keV and sub-keV energy range are frequently observed when the precipitating electrons have typical plasma-sheet spectra and show no signs of acceleration. The inverted-V type of electron spectrum, typical of disturbed magnetospheric conditions with discrete auroral forms, has even been found to be strongly anti-correlated with the occurrence of ion precipitation. Therefore, these observations give us a reason to expect that ion precipitation occurs mainly at low magnetospheric disturbance levels.
An investigation of 61 ion precipitation events, selected unsystematically in the data base only on the basis that they were easily detectable in the color summary plots, gave the distributions with K p , Dst, and AL shown in Fig. 27 . Three cases with AL values of 516, 594, and 620 were not included in the diagram in Fig. 27c , as they fall so far out on the abscissa. They were associated with K p values of 5+, 4, and 6 and Dst values 44, 73, and 57, respectively, and thus they represent fairly disturbed conditions.
Both the Dst and AL diagrams show a strong concentration of the occurrence of ion precipitation to low and medium disturbance levels, even taking the three far-out cases into account in the AL distribution. The K p histogram indicates a maximum of ion occurrence at medium disturbance levels. The slightly different dependencies on AL and K p may be due to the fact that each K p value represents three hours of time and the K p index thus has a coarser temporal resolution than AL. Neither the AL nor the Dst diagram indicates an important substorm dependence. On the other hand, downward accelerated ions are also found at fairly high disturbance levels.
From the diagrams in Fig. 27 we can only conclude that there is no strong correlation between disturbance level and ion acceleration. In order to be able to judge if the downward ion acceleration depends on the disturbance level without being strongly correlated, we need to know how the occurrence frequency of various index values varies with the values. If there is no dependence at all of the occurrence probability of downward accelerated ions on the disturbance level, then the distributions of the ion occurrence rates and of the index values would be the same.
The number of cases with a given index value was found in the index tables for May and September of 1993 (which were the first and last months, respectively, of the period in which practically all of the 61 events with ion precipitation analysed in Fig. 27 occurred) is shown in the diagrams of Figs. 28a-c. A comparison of the corresponding diagrams shows that the distributions of the occurrence of accelerated ions are at somewhat higher index values than the distributions of the index values, except at the highest values. Thus, the occurrence frequency of ion acceleration increases somewhat with increasing disturbance level in the main parts of the distributions.
Summary of observational results
Here the observational results reported above, which are of particular interest for the interpretation of the observations discussed in Sect. 3, will be briefly summarized.
-All observed ion species are accelerated downward roughly to the same energy (when several ion species are precipitated).
-Accelerated H + ions occur most frequently, but sometimes the O + count rate is higher than the H + one. Occasionally, O + ions but no H + ions are found.
-The ion pitch-angle distributions peak mostly in the downward direction of the field lines but are still not far from isotropic over the downward hemisphere.
-The downward accelerated ions are also scattered in energy below a maximum energy which is approximately the same for all ion species. Frequently, the H + ions are more strongly scattered in energy than the O + ions, resulting in a wider energy spectrum for H + .
-No ion velocity dispersion effects have been seen.
-Downward accelerated ions are observed only when precipitated electrons from the plasma sheet are present.
-Both the particle flux and the energy flux of the precipitating electrons are larger than those of the precipitated ions.
-The region along a satellite pass through the auroral zone showing downward accelerated ions may vary from zero length to a large fraction of the pass.
-No systematic variation of the precipitated ion energy with latitude has been found.
-The energy of the precipitated ions sometimes co-varies with the electron energy, but there are also cases with contra-variation.
-Downward accelerated ions are generally not found when the precipitated electrons show energy spectra of the inverted-V type. Occasionally, low ion fluxes (with higher energies than outside) are present within the inverted V.
-Downward accelerated ions may or may not be present in regions where ion conics are observed by Freja. The ion flux tends to be lower in the conics region than outside, and the ion energy spectrum is generally strongly affected by scattering (wider) there.
-The regions with ion precipitation are generally found in the return current region and are not associated with any strong Birkeland current features in the magnetic field records taken by Freja.
-Occurrence of downward accelerated ions in the keV and sub-keV energy range is not strongly correlated with the magnetospheric disturbance level.
In the remainder of this report the interpretation of these observational results will be discussed.
Discussion

Acceleration mechanisms
A potential drop along the magnetic field lines seems to be the only possible known cause of accelerating all (singly charged) ion species to the same energies, as shown to be the case in Figs. 2 and 3 , as well as in all other relevant examples presented above. The very narrow energy spectra sometimes observed, especially for O + ions (e.g. Fig. 10) , also support such an acceleration mechanism, as do the fieldaligned pitch-angle distributions (Fig. 4) .
On the other hand, the downward accelerated ions are certainly not beam-shaped, which could well be expected if there were no scattering at altitudes near the Freja apogeum (1750 km) for acceleration regions at a few thousand kilometers altitude indicated by FAST data (see e.g. Carlson et al., 1998) . The pitch-angle distributions are frequently close to isotropic and the energy spectra are often quite wide, generally wider for H + than for O + ions (see Fig. 7) , with both circumstances indicating that scattering processes play important roles besides the potential drop along the magnetic field lines. That different ion species have about the same upper energy limit eliminates the possibility that the observed energy spread is due to energetic ions with wide energy spectra entering the potential region and being further accelerated there.
The observation that the downward accelerated ions often show a lower flux and a wider energy spectrum within regions with ion conics than outside (see Fig. 26b ) suggests that waves accelerating the ions in the perpendicular direction are important contributors to the scattering of pitch-angle and energy. Observations demonstrate that the widening of the energy spectrum practically only leads to lower energies. Similar widening of ion energy spectra has also been recorded by the Swedish micro-satellite Munin. Ergun et al. (1998) have discussed the effects on ions of micro processes observed by FAST around 4000 km altitude in regions with upwardmoving electron beams and have concluded that ions undergo substantial perpendicular heating and give parallel momentum to electrons, which seems to be consistent with the results discussed above.
The observed fact that the energy spectrum of the accelerated ions is limited both upward and downward in energy shows that the accelerated ions are of ionospheric origin (cold) and that practically all cold ions to be accelerated enter the acceleration region from the top, with entrance from the side along the whole height range of the parallel electric field being insignificant. The scattering processes, which strongly modify the effects of the parallel electric field, may be located both within and below the region with the potential difference, all the way down to the satellite.
The composition of the precipitating ions depends on the cold ion composition in the source region near the top of the potential distribution. The observed variations of the composition are consistent with other observations of ion composition above the so-called crossover level from O + dominance below to H + dominance above. How many O + ions there are above this level depends on the speed with which the O + ions move through it (Moore, 1980) . That speed is correlated with the magnetospheric disturbance level and as the altitude of the crossover level varies in somewhat unknown ways, the variations in ion composition recorded by Freja are not inconsistent with existing knowledge. For more information about the ion composition above the ionosphere see, for example, Chapter 2 in Hultqvist et al. (1999) .
Dependence of ion acceleration on electron precipitation
As has been demonstrated above, downward accelerated ions in the keV and sub-keV energy range are observed only in the presence of precipitated electrons, mostly coming from the plasma sheet without acceleration on the way before they interact with the ionosphere. Both the total particle flux and the total energy flux of the precipitated electrons are generally considerably higher than those of the precipitated ions at altitudes near the Freja apogee. Strong variations in the energy of the precipitated ions are frequently associated with considerable variations in the energy of the precipitated electrons, most commonly in the same direction for ions and electrons (see , but sometimes in opposite directions (Figs. 21-23 ).
The co-variation of ion and electron energies may indicate that higher energy electrons are associated with a higher potential difference along the magnetic field lines. One way of understanding the contra-variation on such a basis is to assume that the large energy increase of the electrons occurs together with a transfer of the potential drop downward in altitude, so that only a fraction of it is above the satellite.
The observation of satellite passes without any observable downward accelerated ions at all and of other passes where such ions are found along practically the whole passage through the auroral regions, and all alternatives in between, certainly demonstrates that it is not the occurrence of electron precipitation alone that controls the occurrence of ion precipitation. This is also shown by the examples in Figs. 24a and b. The fact that there are generally no, or only very little, downward accelerated ions found in regions of intense precipitation of auroral electrons with energy spectra of the inverted-V type (see Figs. 25a and b) , further emphasizes that the relationships between ion and electron precipitation are complex.
Relations of ion precipitation to Birkeland currents
As illustrated in Fig. 5 , the regions with downward accelerated ions are generally found in the return current region and are not associated with any major Birkeland current features. Furthermore, such ions are most commonly observed when the magnetospheric disturbance level is fairly low (see Fig. 27 ). However, as mentioned earlier, there is some dependence on the disturbance level, which is shown by the differences between the corresponding distributions in Figs. 27 and 28. It may be noted that the Dst and AL distributions have longer tails towards higher index values than the ion acceleration events. This is in agreement with the earlier observation that there is no strong correlation between disturbance level and occurrence rate of downward accelerated ions, indicating rather a low or even negative correlation when the disturbance level is high. The number of acceleration events is, however, too small for firm conclusions to be drawn.
Clearly, the regions with ion precipitation are not part of the primary auroral current circuit, where the inverted-V events are found. The result that the occurrence of ion precipitation is not strongly correlated with the magnetic disturbance level seems to be inconsistent with an assumption that the regions with ions accelerated downward are important contributors to the return current, as there is a strong correlation between the magnitudes of the primary auroral current and of the return current, but not between the primary auroral current and the occurrence of ion precipitation.
It should be noted that the dependence of the intensity of the ion precipitation (the integrated flux) on the magnetospheric disturbance level has not been discussed here. It remains to be investigated.
Cause of the potential drop accelerating ions downward
As mentioned earlier, Temerin and Carlson (1998) have proposed that the accelerating potential difference is caused by the scarcity of current carriers for meeting the current continuity requirement when the current intensity is sufficiently high. If that were the dominating cause of field-aligned acceleration, one would expect a positive relationship between ion precipitation and current intensity. But ion precipitation occurs mainly at low and medium disturbance levels when the current intensities are not high, which thus does not support the assumption of the scarcity of current carriers as the cause of acceleration. This does not mean that current continuity requirements may not be important in some circumstances, as discussed by Temerin and Carlson. The mechanism proposed by Hultqvist (1971) appears to be consistent with the observations. The basic accelerator in that model is a (quasi) stationary, ambipolar electric field caused by the large difference in speeds of energetic electrons and ions in the plasma sheet. The field is of a similar nature as the ambipolar field on top of the ionosphere, which helps produce the polar wind outflow of ionospheric ions. But in the present case, the particles have much higher energies and potential differences in the kV and sub-kV range are produced.
When the temperature distribution along the magnetic field lines is suitable or the ionospheric cold plasma density is low enough (see below), in this process the precipitating energetic electrons constitute an upward current in the altitude range of interest until an ambipolar potential difference, large enough to eliminate the upward current, has developed. The region with the ambipolar parallel electric field may then support a (weak) downward current within the region, which is compensated by the continuing precipitation of energetic electrons from the plasma sheet. If, for some reason, such as increased ionospheric density in the region, the downward current increases temporarily, then the potential difference is decreased or eliminated, and a downward electric field develops again only if the inflow of electrons from the plasma sheet again dominates over the outflow of cold electrons. Thermal diffusion, which is included in the Hultqvist (1971) model, may or may not play an important role in producing the potential difference.
The described process occurs at altitudes where collisions are negligible and no perpendicular conductivity exists. Most of the electrons producing the electron density mirror well above the E-region of the ionosphere. If the magnetospheric electrons are accelerated downward to the extent that the loss cone is filled and the electron flux is strongly increased (producing inverted-V spectra), then increased conductivity is produced at ionospheric E-layer heights and the precipitated charges are transported away by means of horizontal currents in the lower ionosphere. So no ambipolar potential is built up there, and strong upward current can continue to flow as long as the generator is working. The strong upward electric field brings the whole electron distribution, also outside of the loss cone, to mirror at lower altitudes, where the ionospheric electron density is higher, and upward moving cold electrons may eliminate the parallel electric field (see below). This explains why ion precipitation is not seen in electron inverted-V events.
When a parallel electric field has been set up as a result of the large speed difference of electrons and ions from the plasma sheet, so that the current due to the speed difference is eliminated, the downward potential difference can be obtained by integration through the transition region. One obtains the potential difference expressed in terms of the distributions with altitude of plasma temperature, T , and electron density, n e , (see Eq. (4) of Hultqvist, 1971) .
Assuming a transition region between the magnetospheric and the ionospheric plasma with an exponential variation of n e and with model profiles for T of three different kinds, Hultqvist (1971) showed that the ratio n 1 /n 2 of the electron densities on the ionospheric (n 1 , T 1 ) and magnetospheric (n 2 , T 2 ) sides of the transition region that eliminates the potential difference can vary very much depending on the plasma temperature variation profile through the transition region. For typical plasma temperatures of 10 7 K on the magnetospheric side and 10 3 K on the ionospheric side, he found that, for a sinusoidal temperature transition, the electron density has only to be a factor of 15 larger on the ionospheric side to eliminate the potential difference. For an exponential temperature variation, on the other hand, n 1 /n 2 has to have a very high value of 6.2 × 10 6 for the potential difference to be zero. For other distributions n 1 /n 2 values, making the potential difference zero, in between the mentioned ones may be found. Lower n 1 /n 2 values than those will result in a potential difference accelerating ions downward according to the model. Therefore, we thus see that the potential difference even with simple models is found to depend strongly on the distributions with altitude of plasma temperature and electron density. Although those distributions along the field lines are unknown in all cases of ion precipitation observed hitherto, the strong T and n e dependence of the potential difference according to the model is generally consistent with the observed, presently unpredictable variations in occurrence of downward accelerated ions.
The Freja observations reported above appear to be in general agreement with FAST results from around 4000 km al-titude published by Carlson and other members of the FAST science team. Narrow upward electron beams with keV energies above the potential drop, for instance, are an obvious consequence of the potential difference, as already concluded by Hultqvist (1971) . However, the observations of very high fluxes of simultaneous up-going and down-going fieldaligned electrons with very broad energy spectra at 4000 km altitude, reported by Carlson et al. (1998) , seem not to be consistent with the simple model discussed here. It is likely that the very intense events of upward electron beams close to inverted-V events, discussed mainly by Carlson and colleagues, have a different cause than the ion precipitation dealt with in this report. On the whole, quantitative comparisons of data from above and below the acceleration region remain to be carried out. Unfortunately, no simultaneous measurements above and below exist or are likely to become available in the foreseeable future.
